ABSTRACT Vegetation is an important part of the ecological channel, and flow structure over vegetation in ecological channel is rather complex. The vegetation resistance to flow is affected by many factors, and there is still no general calculation method to express it. Thus, it is necessary to explore the mechanism of flow resistance over vegetation in open channel. In this paper, the rigid cylindrical sticks arranged in the open channel were used to simulate the stems of non-submerged vegetation in order to investigate the effects of vegetation on the flow. Through theoretical analysis and experimental verification, it shows the form drag caused by vegetation is closely related to the vortex volume created by vegetation. In addition, the total resistance of vegetated channel can be determined by two methods based on vegetation density and flow resistance partitioning, respectively, and both of them are verified by the experimental results. What's more, for rigid vegetation, the drag coefficient is closely related to vegetation density, spacing between vegetation patches and the Reynolds number. The empirical formula among them was established through the experimental results.
I. INTRODUCTION
Aquatic vegetation is an important part of the ecological channel, and it plays a vital function both on flow environment and ecological restoration. The implantation of vegetation can also bring restoration of biodiversity and the value of ecological services is estimated to be about 10 trillion dollars each year [1] . What's more, the aquatic vegetation in the open channel reduces contaminants and nutrient concentrations in drainage water through physical, chemical and biological mechanisms [2] , [3] . However, the threat from vegetation resistance to flow during the flood season has also attracted the attention of conservancy workers. For river systems with flow over vegetation, the flow characteristics are largely
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controlled by vegetation [4] . Among those characteristics, the flow resistance is the main difference between the smooth and vegetated open channel. Actually, the flow structure over vegetation in an ecological channel is rather complex and it not only dependent on the shape of channel but also on the type of vegetation species and distribution [5] . Thus, it is necessary to explore the mechanical effects of vegetation on the ecological channel flow and try to propose a general expression of flow resistance.
The flow structure is very complicated in vegetated channel as mentioned above. The flow velocity distribution is the most important and direct mean to study the flow structural characteristic, and it is also the basis for studying other flow characteristics. Therefore many scholars have studied the vegetation influence on the flow characteristics in open channel by the flow velocity distribution. Zong et al. [6] conducted laboratory study to describe the flow characteristics and deposition observed in and around a finite patch of vegetation. The velocity distribution in the lateral and longitudinal directions of vegetation patch was measured. The experimental results show flow characteristics of different patch vegetation density and locations of patch vegetation. Huai et al. [7] proposed an analytical model to predict the mean mainstream velocity for double-layered rigid vegetation. The results show there is a significant difference in velocity distribution between the upper and lower vegetation zone due to the existence of vegetation. Meanwhile, Ma [8] also proposed a model based on the non-hydrostatic NHWAVE to predict the velocity distribution, interaction of vegetation and sediments in vegetated open channel. The model can predict the flow velocity distribution in vegetated channel by introducing the vegetation effect on flow resistance into it. The model prediction results are in good agreement with the experimental results. For flow characteristic in vegetated open channels, we observed that the velocity distribution is indeed an important mean to study the influence of vegetation on flow. Therefore, this paper still studies the resistance characteristics of vegetation to flow based on the velocity distribution.
Actually, the total resistance of vegetated open channel contains the skin resistance and form drag. Thus the resistance partitioning theory will provide an important basis for accurate calculation of total resistance. Einstein and Banks [9] is the first to incorporate the contribution of skin friction and form drag to total flow resistance. Since then many researchers have tried to incorporate Einstein's principle into their flow resistance calculations. Nevertheless with the existence of flow regions such as laminar, transitional and fully rough, many of these attempts have failed to incorporate this principle to all the flow regions. Yang and Tan [10] explained how this phenomenon related to the size of flow separation region, and they modified the ''summation of resistance components'' theory based on the length of flow separation region. This modification enhances the accuracy of Einstein's formula to provide a solid theoretical background to the problem of flow total resistance partitioning. Gamage [11] investigated the skin friction and form drag contributions to total resistance on the roughed channel, which provides an important theoretical guidance for the resistance division of vegetated open channel. Yilmaz [12] conducted a series of experiments to study the effects of skin friction and form drag on open channel flow. The results of this study gave the mathematical expressions of skin resistance and form drag respectively. The results show both forms of resistance are closely related to the Reynolds number and the shape of the vegetation. Vinatier et al. [13] It indicated the diameter of the rigid emergent vegetation affects a lot on the flow resistance, and the drag coefficient of in-line vegetation exhibits less sensitivity to the vegetation Reynolds number. Based on the above research, the main variables of our experiments mainly include vegetation patch spacing, vegetation density and Reynolds number. From these studies, it indicated although some calculation formulas for vegetation resistance are defined, there are significant differences in the expression of resistance formulas for different experimental conditions and even some conclusions are contradictory. Therefore, a more general method for calculating flow resistance in vegetated channel is needed without involving complicated parameters.
In order to address this question, this paper uses rigid cylindrical sticks to simulate vegetation and aims to explore the potential mechanism of flow resistance over vegetation based on resistance partitioning theory. The total resistance of vegetated channel can be theoretically divided by two parts, i.e., the skin resistance and form drag. The determination of each part can be verified through experiments. In order to verify the rationality of resistance partitioning theory, the total resistance can also be calculated by the vegetation density, which provides a comparison to resistance partitioning results. Finally, based on theoretical analysis and experimental verification for rigid vegetation resistance to flow, we observed the drag coefficient C D is closely related with vegetation density, spacing of patches and the Reynolds number. The empirical formula among C D , F D , and vegetation density λ is established.
II. THEORETICAL METHODS

A. THE TOTAL RESISTANCE DETERMINED BY SKIN RESISTANCE AND FORM DRAG
The Nikuradse's experiments indicate the friction factor is independent of Reynolds number when the Reynolds number is high enough [15] . But Perry et al. [16] analyzed many available experimental data and found this may not be true for flow with ribs or grooves, in which the friction factor is always influenced by the Reynolds number. Actually the resistance of the vegetated open channel includes two parts [17] , i.e., skin resistance and form drag. The form drag is closely related the vortex volume near the vegetation [11] and the expression of the skin friction f sk was proposed by Yang et al. [18] . The total resistance with the rib roughness in vegetated open channel can be written as:
where F = the total resistance of vegetated open channel, F sk = skin resistance, F D = form drag, F sk = τ sk A sk , τ sk = skin shear force, A sk = liquid/solid contact area, ρ = fluid density, g = gravitational acceleration, V e = the vortex volume caused by the vegetation, which can be calculated by V e = A * e k (k = the vegetation height in flow), A e = the area covered by eddies, i = energy slope = the channel slope. VOLUME 7, 2019 In this paper, all the experiments are conducted in uniform flow. The energy slope equals to the channel slope and the channel slope is measured by the Level instrument.
In addition to form drag, skin resistance is also an important part of total resistance in vegetated open channel, and the skin shear force [15] can be expressed as:
where u * = friction velocity.
Nikuradse [15] found that the friction factor f sk depends on the velocity and friction velocity, which can be expressed as:
Meanwhile:
where u = the average velocity,
The Eq. (5) can be obtained from Yang et al. [18] . It shows R + is a pivotal variable for determining the f sk , and the R + is also a function of the hydraulic radius R. Therefore, we observed the R plays a crucial role in the calculation of the skin resistance. However, in the vegetated open channel, the hydraulic radius expression based on the cross-sectional area of flow divided by the wet week is no longer applicable. For the uniform flow in open channel, based on the force balance of the channel flow, the Eq. (6) from Han et al [19] can be expressed as:
where V = the flow volume in channel. So the hydraulic radius can be further expressed as:
Inserting Eq. (4) and (5) into (3), the improved skin resistance expression can be rewritten as Eq. (8):
The hydraulic radius R is one of the most important parameters in hydraulics and fluid mechanics. It fully reflects the combined effect of cross-sectional geometry of the flow on overcurrent and flow resistance, which is defined as a ratio of fluid area to a wetted perimeter. However, this definition has no physical implications because it only measures the area and the length. Thus, the hydraulic radius of smooth channel is no longer suitable for the open channel with vegetation. So based on the above analysis, the total resistance of the flow in the vegetated open channel can be obtained by the sum of the skin resistance and the form drag.
B. THE TOTAL RESISTANCE DETERMINED BY VEGETATION DENSITY
Another method for determining the total resistance in vegetated open channel is based on the vegetation density λ. In the steady and uniform open channel flow, the non-submerged cylindrical stems are arranged uniformly over the channel bed. For a control volume of channel flow extending from the channel bed to the flow surface, the momentum balance in the mainstream direction can be written as [20] :
where τ = the average shear force of the vegetated channel, h = flow depth, h * = 1 for non-submerged. Actually, the vegetation resistance and submerged depth of vegetation are closely linked. So the λ should include all the part of liquid/ cylinders contact area, which is redefined as:
where A p = bed area covered with the array of circular cylinders, n = total number of cylinders in the measuring section, d = stem diameter. Based on the Eq. (10), the total resistance of vegetated open channels can also be obtained by relative vegetation density λ.
III. EXPERIMENTAL SET UP
Normally the vegetation in an ecological channel exists in patches rather than uniform distribution [21] . Thus, the corresponding experiments to study the resistance characteristics of patch vegetation to flow were conducted. The laboratory experiments were carried out in a 6.3 m long, 0.8 m wide and 0.6 m deep rectangular tilting flume at the Fluid Mechanics Laboratory of the China Agricultural University. The main components of this flume are the head tank, tail tank, glass flow channel and a circular pipe system. The head tank and the tail tank are constructed using stainless steel. The head tank is aligned centrally to the flume and symmetrical to the center line of the channel so that the flow at the entrance of the channel is as uniform as possible. A honeycomb steel plate is located at the entrance of the flume to make the velocity more uniform. A schematic diagram of the entire experimental equipment is shown in Fig.1 . The flow depth is controlled by an adjustable tailgate at the end of the flume and the discharge, Q is measured by an electromagnetic flow meter installed in the feeding pipe. The vegetated open channel with load cell is shown in Fig. 2 .
A plastic board is installed at the bottom of the channel and the acrylic sticks (d = 0.005 m,) are inserted into the board. In natural river, most vegetation exists in the form of patch. Thus, in this study, the sticks are arranged in an interleaved way. As shown in Fig. 3 , one-row vegetation acts as one patch and the spacing between two patches is 0.3 m. The different experimental conditions were conducted by adjusting the discharge Q, the density of vegetation λ, the flow depth h, and the spacing between patches l 2 . The Fig.4 shows the layout of two-row vegetation as one patch. The arrangement of measuring points is shown in Fig.5 and the velocity at the measuring points is measured by Acoustic Doppler Velocity meter (ADV).
Due to the complex flow structure in vegetated open channel, both theoretical formulas and numerical simulations are difficult to give relatively accurate expressions of form drag. So a load cell was designed to measure the form drag caused by vegetation directly. The method of measuring form drag by load cell has been used by previous scholars for several years and it is already a mature and effective method. Kothyari et al. [22] and Zhao et al. [23] used a similar device to measure vegetation resistance directly, and the good results had been obtained. The accuracy of the load cell used in this paper has been calibrated before the experiment and the device has high sensitivity. The result measured by load cell is the form drag caused by only vegetation patches on load cell rather than all vegetation patches in open channel. The overall structure of the load cell is shown in Fig. 6 .
The working principle of the load cell can be described as follows. Firstly, the upper end of the vegetation patches was fixed on an experimental board and the lower end kept a tiny spacing to the channel bed by adjusting the Screw rod as shown in Fig.6 . The slider and plastic plate were linked by screw rod. The role of lifting platform is to slightly lift upstream of double axis slide rail to balance the frictional resistance which emerges between the slider and double axis slide rail by the gravity component paralleling to the bottom slope from screw rod and vegetation patch. So the load cell can measured the form drag of vegetation patches on the experimental board. In the experiments, the bottom of the target vegetation patches slightly deviated from the plastic board at the bottom of the channel. The upper end of the vegetation was fixed on the experimental board, and the experimental board was not is not submerged in the flow. The skin friction in this area is from channel bed instead of experimental board so the result of the load cell was only the form drag instead of total drag.
The load cell is connected to and controlled by the computer and the output signal is then captured with an acquisition card at a sampling rate of 25 Hz. All the vegetation 
IV. RESULTS AND DISCUSSION
A. DETERMINATION OF THE LONGITUDINAL SCALE OF THE VORTEX STRUCTURE
An important work of this study is to determine the vortex volume near the vegetation patch by velocity distribution. Although there is currently no determined definition of vortex structure, it is still very effective to define the size of the vortex structure by the velocity distribution. Many scholars have conducted similar experimental studies on the flow characteristics of patch vegetation based on velocity distribution. The Fig.7 gives the velocity distribution around patch based on Zong et al. [6] and Chen et al. [24] . The experimental conditions from Meire et al. [25] are very similar to this paper, and have detailed measurement results. In order to further rich and verify the theoretical results of this paper, the experimental results of this manuscript are compared with Meire's results. Since there are many experimental conditions involved in this paper, a representative working condition is selected for analysis, and other experimental conditions have similar results. The selected experimental condition is C3 (the Q = 90m 3 /h, h = 0.106m and one-row sticks act as one vegetation patch). The spacing between two patches is 0.3m and the vegetation patch located at the x/d = 0(x is the distance from the measuring point to vegetation patch). Comparing the results from Meire et al. [25] with the experimental results of this paper, the results show that the velocity distribution near the patch vegetation achieves a good agreement. The Fig.8 shows the results from Meire's study and this paper under the similar experimental conditions about longitudinal averaging flow velocity distribution at different flow depths. The notation y is the distance of the measuring point from the bottom of the channel.
The Fig.8 shows the length of flow velocity decline of the upstream flow velocity before vegetation patch l 0 and recovery length behind the vegetation patch l 1 . By experimental analysis, actually the longitudinal scale of the vortex structure near the vegetation patch is L = l 0 + l 1 . For the experimental condition in the Fig.8, it shows that the longitudinal average velocity begins to decrease gradually at the location x/d = −7 and starts to increase at x/d > 0 behind the vegetation patch. The velocity begins to stabilize after x/d = 22 and the flow rate recovery rate is reduced to (∂(u x /u 0 )/∂(x/h) < 0.1 [26] . The u 0 is average velocity in upstream without vegetation and x = the longitudinal distance from the measuring point to upstream patch. Based on the longitudinal scale of the vortex structure L , the volume of the vortex V e can be further determined. So the form drag F D can be calculated by the Eq. (2) further. In Meire's study, the vegetation patch adopts a circular pattern, and the patches are arranged in the horizontal direction to study the flow velocity distribution under different patch spacing. There are several labels in Fig.8 The PL and PR represent the left and right sides of a circular vegetation patch respectively. Two group experimental conditions from Meire's study are similar to the experimental conditions in this paper, and all the measured results were carried out by dimensionless treatment. The flow velocity distribution near vegetation patch is shown in the Fig.8 . The hollow samples are from Meire's study, and the solid samples are from this paper. From the above comparison, the velocity distribution near vegetation patch follows very similar trend and the experimental results achieve good agreement. However, there is a certain difference at the place where the patch downstream begins. The main reason is that in Meire's experiments, the measuring points are located on both sides of the vegetation patch and the experimental points in this paper are located directly behind the vegetation, so the measurement results will show more reverse flow velocity in this paper. In Meire's study, the vegetation density was larger, which causes the downstream flow recovery zone behind vegetation patch longer. In general, the flow velocity distribution near the vegetation patch achieves a good agreement.
B. COMPARISON OF CALCULATION OF F D BY TWO DIFFERENT METHODS
In this paper, two methods based on the vortex volume and load cell have been proposed to obtain the form drag F D . The calculated results were verified by measured values from load cell. In these experiments, four group experimental conditions are included and each experimental condition includes nine discharges from 70m 3 /h to 150 m 3 /h. All the experimental conditions were conducted in uniform flow. The volume of vortex V e is calculated by analyzing the velocity distribution measured by ADV near the vegetation patch, and thus the form drag F D can be determined by Eq. (2). Meanwhile, the measured form drag from load cell can be obtained directly. A comparison of the form drag values from two different methods are shown in Fig. 9 .
The Fig. 9 shows the comparison between the obtained theoretical and measured form drag. Most of the experimental points fall within 10% of the error line, which indicates the form drag calculated by the theoretical method show a good agreement with the measured values. Therefore, an accurate measurement of vortex volume near the vegetation patch is of importance for the theoretical results.
C. THE ANALYSIS OF TOTAL RESISTANCE BASED ON THE THEORY OF RESISTANCE PARTITIONING
For the vegetated open channel, the skin resistance can be viewed as the inherent resistance of the channel and the form drag should be viewed as the extra resistance arising from vegetation. The flow resistance of open channel with vegetation includes skin resistance and form drag and the latter accounts for a major part of the total resistance as observed from the previous study [27] . Based on theoretical analysis, the skin resistance can be calculated by Eq. (8). In Eq. (8), the skin resistance is also a function of R + . So the skin resistance also needs to be determined by the specific size of the vortex structure measured by ADV. So the skin resistance is also the result of the measurement. Furthermore, the measured total resistance can be written as:
Meanwhile the total resistance F 2 can also be calculated by Eq. (10) .
The Fig. 10 shows the comparison of the two methods of total resistance under different experimental conditions. Here, the experimental conditions were chosen from A, B, C, and D. The results show although there is a certain error between the total resistance results based on two different methods, they all fluctuate near the baseline, which is enough to illustrate the reliability of theoretical analysis. Through analysis, the spacing between two patches corresponding to A is only 0.006 m. As the velocity increases, the flow structure VOLUME 7, 2019 between the patches wake will affect each other which caused some fluctuation on sticks. It results in a certain extent of error to the load cell. The experimental conditions D also showed a relatively larger fluctuation. We observe although the patch spacing of condition D is relatively large, the tworow vegetation acts as a patch. The flow structure inside the patch changes drastically, causing vibration to the load cell. It causes a certain deviation in the comparison results. Generally, the results of all the experimental conditions achieved a good agreement within a certain range of error, indicating the rationality of resistance partitioning.
D. THE DEPENDENCE OF C D ON F D
The form drag coefficient C D is a very important factor that affects the hydrodynamic characteristics of vegetated flow and it is closely related to the form drag F D . Cheng and Nguyen [28] considered vegetation hydraulic radius by taking into account the effect of vegetation size, vegetation density, and channel geometry in the computation of drag coefficient, friction coefficient and Reynolds number under emergent condition of flow. Their study reveals that drag coefficient decreases monotonically with Reynolds number. However, the dependence of C D on F D was not studied in the past and current experiments. The relationship between the C D and F D can be directly represented by the curve lines in the Fig.11 . Through the curve lines, it shows that the relationship between the C D and F D under different vegetation densities has a very similar trend. Based on the research of the literature Kothyari et al. [22] , the specific expression of vegetation density λ and drag coefficient C D have been basically determined. Therefore, the relationship between the C D and the F D under different vegetation density λ is further determined by empirical relationship in the paper. Those coefficients are obtained by fitting experimental data. The applicability of these formulas may be limited due to the different experimental conditions, but this paper gives the basic relationship among the variables, which lays the foundation for further research in the future. The expression of Shear force, τ D can be written as [29] :
where τ D = Shear force caused by vegetation. Inserting Eq. (2) into (12) yields, the new drag coefficient expression can be expressed as:
Meanwhile, the corresponding form drag can be measured directly by the load cell and the relation between C D and F D is shown in Fig. 11 . The Fig. 11 shows the relation between C D and F D under different experimental conditions. We observe there is a clear maximum point at F = 2N and all of them obey approximately the polynomial distribution which can be expressed as:
The basic expression of Eq. (14) refers to Kothyari et al [22] research results, and some improvements have been made based this paper study. The Eq. (14) indicates the quantitative relationship on the variation of C D with F D and λ. However, the experimental data in the Fig. 11 shows that the drag coefficient C D gradually increases to a maximum value until F D = 2.0N, and then starts to decrease as F D continues to increase for a given λ. This because although the rigid sticks are used to simulate the real vegetation and we do not consider the flexible effects of vegetation, the shape of vegetation is more approaching the streamline as the velocity increases. This results in C D to show a downward trend. At the same time, we can also find that for a given form drag F D , the drag coefficient C D increases with the increase of vegetation density λ. The specific vegetation density λ is shown in Table 1 .
E. THE VERIFICATION OF THE RELATION BETWEEN THE R + AND RELATIVE VORTEX LENGTH L''/l 2
In general, how the R + is related with L''/l 2 has not been examined well. By analyzing these two variables, we observe they are all closely related to the size of the vortex structure near the vegetation, and there must be some connection between them. Previous scholars also studied the connection between two variables from Yang et al [18] . The theoretical part of this work has been analyzed before by our team. It shows there is a connection between the L''/l 2 and R + , and the basic form of the formula has been determined. But the specific parameters still do not have a unified standard and the formula has a certain scope of application. Therefore, based on the measured experimental data, the parameters are fitted to provide some resources for the subsequent research. Based on previous research, this paper further analyzes the relationship between R + and L''/l 2 . The variation of L''/l 2 with R + is shown in Fig.12 to illustrate the main observation. Fig. 12 illustrates the main observation on the variation of L''/ l 2 with R + . L''/l 2 is closely related with the relative density λ, R e and others variables. The relationship between the L''/l 2 with R + can be approximately fitted as:
By calculation and analysis, the error between the measured and fitted values is only 7%. For the Fig.12 , in fact, the relationship between the L''/l 2 and R + is only suitable for experimental conditions B and C under the different flow discharges. Because the relationship between L''/l 2 and R + is analyzed for the situation that the vortex structure can be fully developed behind vegetation patch. When the vegetation density is too large or the several rows sticks as a vegetation patch, the empirical formula is no longer appropriate again. Therefore, for experimental condition A, the spacing between the patches is small, and the flow structure behind the upstream patch cannot be fully developed under the action of the downstream patch. For working condition D, although the spacing between the two patches is large, due to the two-row vegetation as a patch, the flow structure inside the patch is very complicated and the interaction is obvious. Therefore, Fig.12 only analyzes the two experimental conditions of B and C and the empirical formula was established.
Through the analysis of the data in this paper, the application scope of Eq. (15) is further determined. Actually, the relation between L''/l 2 and R + is rather complicated. No explicit formula is currently available to determine the relation for all the experimental conditions. Most of the available formulas from previous research are empirical and based on various functions. However, as the continuous accumulation of experimental data, a relative accurate calculation method will be derived.
V. CONCLUSION
In this paper, a laboratory study was conducted on the flow resistance in a rectangular open channel which was partially filled with artificial non-submerged rigid vegetation patches. The mechanical properties of vegetated channel flow from the aspects of theoretical analysis and experiments were studied in the paper. The main findings of this study are:
(1) The vortex structure near the vegetation patch is determined by the velocity distribution measured by ADV. According to another form of expression hydraulic radius, the calculation formula of the skin resistance has been further corrected. The theoretical equation between the vortex volume and form drag on the flow is established. Also, the results of theoretical analysis are reasonably in good agreement with the experimental values. (2) The total resistance in the vegetated open channel can be divided into two parts: skin resistance and form drag. The two expressions of total resistance based on vegetation density and the sum of form drag and skin resistance respectively illustrates the rationality of resistance partitioning theory. These two methods are also verified by the experimental data. 
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